The main objective of this study was to collect new data on the occurrence, levels of priority and emerging organic compounds in freshwater fish sampled in the Rhone River. The 34 studied contaminants included alkylphenols, bisphenol A, polybromodiphenylethers (PBDE), perfluorinated compounds, hexabromocyclododecanes (HBCD), hexachlorobenzene and hexachlorobutadiene (HCBD). About 50 fish samples (individual specimens or pooled fish) were collected from three sites located upstream and downstream of the Lyon metropolitan area in the Rhone River (France). Four species were caught at each site, namely: the barbel (Barbus barbus), the common bream (Abramis brama), the white bream (Blicca bjoerkna) and the chub (Squalius cephalus). Some contaminants were quantified in all the 32 fish samples analysed: 4-nonylphenol, α-HBCD, the six PBDE congeners (28, 47, 99, 100, 153, 154), perfluorooctanesulfonate (PFOS) and perfluorodecanoic acid. Twenty three of the 32 samples had a concentration of PFOS above the Environmental Quality Standards (EQS) (up to six times higher than the EQS), and all the 32 samples had concentrations of PBDE above the EQS (up to 4,000 times higher, with the sum of six PBDE varying from 4.5 to 182 ng/g dry weight). Clearly, the interest to consider PFOS and HBCD as new priority substances is confirmed. In contrast, the pertinence of a priority status for HCBD, which was never quantified in our study, might have to be reconsidered in the future. 
Introduction
The European Commission (EC) Daughter Directive 2008/105/EC and the recent proposal for a Directive 2011/0429/EC [1, 2] detail the application of the Water Framework Directive (WFD) 2000/60/EC [3] for the monitoring of priority substances and other pollutants, including new emerging substances, in surface waters; in particular, it requires the implementation of temporal and spatial trend monitoring programmes. The use of integrative matrices (biota and sediments) is strongly recommended to achieve such objectives for hydrophobic substances. Indeed, water is not a suitable matrix for environmental monitoring of hydrophobic compounds (i.e., with logK ow >3), since their concentrations in water are very low and often below limits of quantification (LQ), except for highly polluted systems. For example, surface water monitoring under the WFD conducted by the French water agency Loire-Bretagne between April 2008 and January 2009 leads to only 1 % of results above the LQ, for about 22,000 analyses of priority substances performed in waters [4] .
The list of priority substances of the WFD includes several substances which have a low solubility in water, a corresponding high log K ow and a high potential for bioaccumulation and bioconcentration. Out of the 33 priority substances (or groups of substances), the eight other pollutants of the Daughter Directive 2008/105/EC [1] and the 15 new substances of the recent proposal of the European Community [2] , a majority have a log K ow >3 and thus should preferably be monitored in biota or sediments.
Compared to water matrices, sediments and biota are more representative of these substances since they allow integrating water contamination over time (several months for biota and several years for sediments). Sampling can be performed at a lower frequency to be representative. Their analyses are generally easier since contaminant concentrations are higher than in water.
In this study, 34 individual hydrophobic anthropogenic compounds were selected for analysis in fish samples, including 5 alkylphenols (AP), bisphenol A (BPA), 3 hexabromocyclododecanes (HBCD), 9 polybromodiphenylethers (PBDE), 14 perfluorinated compounds (PFC), hexachlorobenzene (HCB) and hexachlorobutadiene (HCBD). For some of these compounds, Environmental Quality Standards (EQS) have been proposed for biota (with values at 10, 55, 167, 9.1 and 8.5×10
−3 ng/g fresh weight (fw), respectively, for HCB, HCBD, HBCD, perfluorooctane sulfonate (PFOS) and sum of BDE28, 47, 99, 100, 153, 154) [1, 2] . Among these compounds, two AP (4-tert-octylphenol, 4-nonylphenol), six PBDE (BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154), HCB and HCBD are priority substances listed in Annex II of the Daughter Directive 2008/105/EC, and one PFC (PFOS) and BPA are optional substances listed in Annex III of the same directive. HBCD (isomers α, β and γ) were recently proposed as priority substances in Annex I of the proposal Directive 2011/0429/ EC [2] . PBDE are also part of US EPA priority lists, and PFC, HBCD and PBDE are on the OSPAR list of chemicals for priority action. These 34 organic compounds, priority and emerging, were chosen because they have been widely used, their occurrence has been shown in aquatic systems but is not widely documented for all of them, and because of their toxicity, as summarised thereafter:
-AP have been extensively used as precursors to detergents, as additives for fuels and lubricants, polymers and as components in phenolic resins. Their use has not been banned but drastically restricted in Europe and the USA in particular by their replacement with ethoxylate alcohols in detergents [5] . AP (4-tert-octylphenol, 4-nonylphenol, 4-nonylphenoxyacetic acid and 4-nonylphenol-diethoxylate) have strong oestrogenic effects and they are able to stimulate vitellogenin gene expression in trout hepatocytes, gene transcription in transfected cells and the growth of breast cancer cell lines [6] . BPA is used primarily as a component of plastics for a variety of common products including baby and water bottles, sports equipment, medical and dental devices, eyeglass lenses, CDs and DVDs and household electronics. Epoxy resins containing BPA have been used as coatings on the inside of almost all food and beverage cans. In the European Union, BPA use is now banned in baby bottles, and its use is restricted [7] . BPA is suspected to induce biochemical changes in brain, immune-modulatory effects and enhanced susceptibility to breast tumours [8] . -HBCD is a flame retardant mainly added to polystyrene foam used as thermal insulation in the construction industry, and to textiles, upholstery, packaging material and electric and electronic equipment. Commercial mixtures consist of the stereoisomers γ-HBCD (75 to 89 %), α-HBCD (10 to 13 %), β-HBCD (1 to 12 %), δ-HBCD and ε-HBCD (less than 1 %) [9, 10] . At present, HBCD is not regulated, but voluntary emission control has been reported in Europe, as well as discontinuation of the UK production [11] . Furthermore, the Stockholm Convention's Persistent Organic Pollutants (POP) Review Committee has suggested adding HBCD to the Stockholm Convention on POPs, with the aim of a possible ban. With a logK OW value of 5.6, technical HBCD has a high bioaccumulative potential, and there are indications of biomagnification comparable with or even exceeding that of BDE-47 [12] . Toxicity information of HBCD is still very limited, but neurobehavioral alterations have been found in mice following neonatal exposure to HBCD [13] . This was supported by a recent epidemiological study showing that PBDE and HBCD levels during pregnancy were correlated with motor, cognitive and behavioural outcomes at 5-to 6-year-old children, including positive and negative associations [14] . In vitro studies have indicated that HBCD induced cancer via a nonmutagenic mechanism, similarly to PCB and DDT [15] . -HCB is a fungicide formerly used as a seed treatment, especially on wheat to control the fungal disease bunt. Since 2001, its use has been severely restricted under the Stockholm Convention on POPs [16] . As summarised by AMAP [17] , HCB can be fetotoxic, teratogenic and carcinogenic. It is an immunosuppressor, can affect reproduction and induce porphyria [17] . Studies on freshwater fish have shown correlations with estrogenic activity, oxidative stress and contributions to serological alterations [18, 19] . The potential for HCB-related sediment toxicity to benthic invertebrates was considered low [20] . Humans are mainly exposed to HCB through food, but current dietary intake of HCB was not considered to lead to significant health risks in a Catalonian study [21] . HCBD has been most commonly used as a solvent for other chlorine-containing compounds in the production of rubber and other polymers. It has also been used in hydraulic and heat transfer fluids, as a seed dressing and fungicide in agriculture and in a number of manufacturing processes such as production of aluminium and graphite rods. Today, HCBD has been phased out in most of these applications, but can also be formed as a by-product in chemical industrial processes. It is regarded as a priority hazardous compound under the WFD, for which emissions should be phased out by 2020. An overview of the legal status in different countries is given by van der Honing [22] . Toxicity information is scarce, but HCBD has been described as moderately to very toxic to aquatic organisms [23] . According to a risk assessment by the chlor-alkali industry, HBCD levels in marine surface waters do not present an unacceptable risk to the environment of the North Sea, neither to fish nor fish-eating birds and mammals [24] . These findings are supported by a Canadian risk assessment of HCBD which indicated little or no risk to pelagic aquatic organisms. However, HCBD could pose a risk to benthic organisms in areas of high sediment contamination, e.g. near point sources [25] .
-PBDE have been used as flame retardants in a wide array of products, including building materials, electronics, furnishings, motor vehicles, airplanes, plastics, polyurethane foams and textiles. The use of penta and octaBDE has been banned in Europe since 2004, and they were added to the Stockholm Convention on POPs in 2009. The third technical product, decaBDE (BDE-209), is not part of the Stockholm Convention, but has been severely restricted in the EU for use in electrical and electronic equipment [26] . PBDE present structural similarities with thyroid hormones, and thus, one of the main concerns regarding their toxicity is their potential as thyroid hormone agonists. PBDE are suspected to induce a disruption of the thyroid hormone function in humans and wildlife, leading to changes in metabolic rates, protein synthesis and cell development [9, 27] . -PFC have unique properties to make materials stain, oil and water resistant and have been widely used in diverse applications: to make fluoropolymers such as Teflon and in the semiconductor industry. Perfluorooctanoic acid (PFOA) and PFOS have been included on the POP list of the Stockholm Convention since 2009 [28] . The use of PFOS has been restricted in the USA and Europe since 2007; its use is planned to be banned in 2011 [29] . PFC are ubiquitous in the environment [30] and have a high biomagnification potential in the food chain [31] . PFC, e.g. PFOA and PFOS, have been demonstrated carcinogenic in animals with liver damages [32] , as well as on the thyroid gland. They are also considered as endocrine disruptor compounds, altering reproductive functions [33] , and were found toxic for the immune system [34] .
To the best of our knowledge, no information is available to date on the occurrence of most of these compounds in freshwater fish in France. As it is presented in the "Discussion" section, data on these compounds exist from a few studies conducted in other countries, but in general, comparisons with literature data are difficult as species, tissues and compounds vary and results are not always reported in a directly comparable way. It appears that better harmonization is needed for monitoring schemes on freshwater fish contamination by organic emerging and more classic pollutants. It may also include a choice of a common species for such surveys and assessments.
The objective of this paper is to present new data on the occurrence and levels of contamination of 34 priority and emerging organic compounds in 49 fish samples (individual or pooled fishes) that represent four fish species, the barbel (Barbus barbus), the common bream (Abramis brama), the white bream (Blicca bjoerkna) and the chub (Squalius cephalus), collected in the Rhone River near the area of Lyon, France. Results are focused on the comparison of levels of concentration per compound and per fish species. The choice of better species for contamination assessment and monitoring is also highlighted. Lastly, we discuss the pertinence of prioritization for some of the studied substances.
Experimental section
Sampling and analysis strategy Fishes were captured from August 2008 to January 2009 at three sites in the Rhone River near Lyon (France). The overall metropolitan area of Lyon is characterized by a population of 2,118,132 and a large number of chemical plants located along the Rhone River downstream of Lyon. Two sites are located upstream of Lyon (at the northeast) and one site downstream of Lyon (at the south) (Fig. 1) Information on sampling and analytical strategy is reported in Table 1 . The four freshwater fish species studied, namely the barbel (B. barbus), the common bream (A. brama), the white bream (B. bjoerkna) and the chub (S. cephalus), were chosen because they are sedentary, may reach a large size and are long-lived species, but they have different diets and exploit different habitats. Adult specimens of all four species were captured with nets or electric fishing. At each site, two to four pools of one to six fishes of the same species were made with individual fish of similar size and weight, except for the fact that no white bream could be found at upS1. Chemical analyses were conducted on pooled fish samples and also on some individual fish samples in order to check the inter-individual concentrations of pooled samples. A total of 26 pools and 23 individual fish samples were analysed (49 fish samples). Information on size, weight, sex, percentage of lipids and moisture of the 49 fish samples are detailed in Table 1 .
Immediately after collection, fishes were stored at about 4°C and transported to the laboratory. All of the material (e.g. glassware, knives) used for dissection and storage was washed at 50°C with detergents and acetic acid 20 % (v/v) and rinsed with acetone (Pestipur grade) and Milli-Q water (Millipore). Fish fillets were prepared according to the European guideline [35] , which includes removing all the muscular part of fishes, scraping and keeping the body fat under the skin and freezing fish fillets at −20°C. Then, fillets were freeze-dried using a freeze dryer Christ ALPHA 1-4 LD and homogenized. Samples were stored into glass bottles with polypropylene caps and dispatched for analysis.
Chemicals
Standards of 4-tert-octylphenol (4-t-OP; 99.4 % purity) and BPA (99 % purity) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France); standards of 4-nonylphenoxyacetic acid (4-NP1EC; 98 % purity), 4-nonylphenol (4-NP, commercial mixture 100 %), 4-nonylphenol monoethoxylate (4-NP1EO; 99 % purity), 4- nonylphenol-diethoxylate (4-NP2EO; 99 % purity) were purchased from Cluzeau Info Labo (St. Foy La Grande, France). Internal standards were linear forms of AP and labelled compounds : unlabeled p-n-nonylphenol (98 %+, p-n-NP), 13 C 6 -p-n-nonylphenol (99 %+, p-n-NP-13 C 6 ), 2 H-4-n-nonylphenol (98 %+, 4-n-NP-d8), 2 H-4-n-nonylphenol monoethoxylate (97.5 %+, 4-n-NP 1 EO-d2) and 2 H-4-nnonylphenoxyacetic acid (98.7 %+, 4-n-NP 1 EC-D2) were purchased from Cluzeau Info Labo (St Foy La Grande, France); octylphenol-3,5-D2 (97.7 %+, 3,5-OP-d2) and bisphenol A-d16 (98 %+, BPA-d16) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).
13 C 12 -labelled and native standards of the isomers α-, β-and γ-HBCD were purchased from Cambridge Isotope Laboratories. All compounds were provided at a concentration of 50 μg/ml in toluene. Purity was 98 % for native γ-HBCD and 99 % for all other compounds.
Standards of HCB and HCBD and internal standards decachlorobiphenyl and phenanthrene d10, in powder, were obtained from Cluzeau Info Labo.
Mixed native PBDE standard solutions were purchased from Wellington Laboratories (via BCP Instruments, Irigny, France): BDE-28, BDE-47, BDE-99 and BDE-100, each at 1 ng/μL; BDE-153, BDE-154, BDE-183 and BDE-205, each at 2 ng/μL and BDE-209 at 5 ng/μL in nonane/ toluene. Standards of the following PFC were purchased from Wellington Laboratories (Guelph, Ontario, Canada): perfluorobutanoic acid (PFBA), perfluoropentanoic acid, perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnA), perfluorododecanoic acid (PFDoA); perfluorobutanesulfonate potassium (PFBS), perfluorohexanesulfonate potassium (PFHxS), perfluoroheptanesulfonate potassium (PFHpS), perfluorooctanesulfonate potassium (PFOS) and perfluorodecanesulfonate potassium (PFDS). Working solutions of PFC at 0.1 and 0.01 ng/μL and a mix of ten 13 C-labelled IS at 0.01 ng/μL were prepared by appropriate dilutions of commercial standards in methanol (Picograde ® quality, LGC Promochem, Wesel, Germany). The calibration curve included ten points covering a range from 0.0 to 1,000 μg kg −1 . The same amount of the mix of internal standards was added to every standard solution and sample. Analytical methods for alkylphenols and bisphenol A The alkylphenols and the bisphenol A were analysed by EPOC-LPTC laboratory using a method adapted from the one described by Cailleaud et al. [5] . Freeze-dried samples (0.2 g) were extracted by Focused Microwave-Assisted Extraction (10 min at 30 W) with dichloromethane (30 ml). Internal standards were gravimetrically added prior to the extraction. The organic extracts were concentrated up to 1 ml using a vacuum evaporation system (RapidVap, Labconco, Fisher Scientific). The extracts were then purified using disposable 3 ml HF-PSA® (Bondelut, 500 mg, HF-PSA®, Varian). The cartridges were conditioned with 3 ml of methanol and 3 ml of a mixture of methanol/ dichloromethane (80:20, v/v). After loading the extracts, HF-PSA® cartridges were eluted with 10 ml of a mixture of methanol/dichloromethane (80:20, v/v). The final eluates were evaporated to dryness with a gentle stream of nitrogen and reconstituted with methanol to a final volume of 100 μl.
The analysis was performed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS); acquisition was achieved in multiple reaction monitoring mode using a UPLC-Quattro Premier Waters (Saint Quentin en Yvelines, France) with electrospray ionisation. The UPLC separation was achieved with 1.7 μm, 50 mm length× 2.1 mm i.d. C 18 reversed-phase column (Acquity UPLC BEH C18; Waters, Saint Quentin en Yvelines, France). BPA, 4-NP, 4-t-OP and NP1EC were quantified in negative ionisation mode and NP1EO and NP2EO in positive ionisation mode. The tandem mass spectroscopy conditions included the use of two ionisation transitions for each compound, one for the quantification (QT) and one for the identity confirmation (CT).
The samples were extracted and analysed in batches together with a procedural blank and duplicate analyses of an internal reference material (eel muscle) as well as of a spiked sample (reference tissues spiked at 100 ng/g dry weight (dw) basis for each compound). The compounds were quantified according to the corresponding internal standards added prior to the extraction. Response factors were calculated using standard solutions operated in the same run as the samples. Independent other solutions of standards were analysed in parallel, using the calculated response factor, to check the accuracy of the analysis and to calculate analytical recoveries (they ranged between 95 and 100 % for each compound). Solvent blanks were injected between each sample to prevent contamination and to check the cleanliness of the analytical system (this is particularly important for 4-NP and BPA which are frequently subjected to problems of blanks and cross contamination).
Uncertainties of quantification were below 15 % for all the compounds, and recoveries of the global protocol were between 80 and 115 %, based on ten samples of spiked fish tissue (spiked concentration, 100 ng/g dw) analysed in five batches of samples. For those compounds that were not detected in procedural blanks, the LQ were determined as the concentration with a signal-to-noise ratio of 9 in nonspiked fish muscle extracts. 4-NP and BPA were detected in blanks, so the levels for these compounds were blank corrected, and the LQ was derived from the blank value variability. The LQ ranged from 10 to 15 ng/g dw.
Analytical methods for HBCD
The three HBCD isomers were analysed by Aarhus University (Department of Environmental Science) based on the methods described by Frederiksen et al. [36] and Vorkamp et al. [37] . Five grams of dried fish was Soxhlet extracted with hexane/acetone, 4:1, v/v. A clean-up of the extract was performed on a multilayer column consisting of aluminium oxide, silica, H 2 SO 4 -impregnated silica and sodium sulphate. The compounds were eluted with hexane/dichloromethane, 1:1, v/v, evaporated to dryness and redissolved in 500 μL methanol. The analysis was performed by high performance liquid chromatography (Agilent 1100 series) coupled to tandem mass spectrometry (Sciex, Concorde, Ontario, Canada) with electrospray ionisation (LC-ESI-MS-MS). Chromatographic separation was achieved on Zorbax 15 cm C 18 -column (Agilent Technologies, Santa Clara, CA, USA). 13 C-Labelled compounds of the three stereoisomers were used as internal standards added to all samples before extraction. The samples were extracted and analysed in batches together with a procedural blank and duplicate analyses of an internal reference material (sand eel oil). For each batch, one to two samples were randomly chosen and analysed in duplicate. Quantification was based on a double 7-point calibration curve.
Uncertainty was 8.5, 7.1 and 7.3 % for α-, β-and γ-HBCD, respectively, based on ten samples of spiked fish oil (final concentration, 12-18 ng/g wet weight) analysed in five batches of samples. The LQ were set to the lowest calibration standard and were approximately 0.110-0.241 ng/g dw for the three HBCD isomers.
Analytical methods for HCB and HCBD HCB and HCBD were analysed by the laboratory of Rouen. Five grams of dried fish was extracted by the accelerated solvent extractor method with the ASE 350 system, with a solvent mixture hexane/acetone, 50:50, v/v. A clean-up of the extract was performed on concentrated sulphuric acid. The analysis was performed by gas chromatography (Thermo Trace GC) coupled to ECD (GC-ECD). Chromatographic separation was achieved on 60 m DB5 0.25 mm, 0.25 μm column (Chromoptic). A double analysis was performed on 60 m DB1701 0.25 mm, 0.25 μm column (Chromoptic).
Internal standard decachlorobiphenyl (PCB209) and phenanthrene d10 were added to the extracts before analysis. Three blanks treated as the sample were analysed in the same run (at the beginning, middle, end). Confirmation of analyte identity and of quantification was performed by GC/MS (Waters Quattro micro GC/ MS/MS with an Agilent 6890 GC), on SIR mode, with a chromatographic separation on 30 m DB5 MS 0.25 mm, 0.25 μm column (Chromoptic).
Uncertainty was determined by internal control method based on the French XPT 90-220 standard [38] and ranged from 30 to 60 % at the LQ level. The LQ were determined as presupposed LQ method based on the French NF T 90-210 standard [39]; they were around 1 ng/g dw for HCB and 10 ng/g dw for HCBD.
Analytical methods for PBDE
The nine PBDE were analysed by UMR 7619 Sisyphe laboratory as described elsewhere [40] . Briefly, 5 g of dried fish was extracted by sonication-assisted matrix solid phase dispersion with hexane/dichloromethane, 1:1, v/v. A cleanup of the extract was performed on a multilayer column consisting of H 2 SO 4 -impregnated silica, activated silica gel and neutral activated alumina (top to bottom). PBDE were eluted with hexane/dichloromethane, 8:2, v/v. The analysis was performed by gas chromatography (Agilent 7890A) coupled to a triple quadrupole mass spectrometer (Agilent 5975C) with electron ionisation (GC-MS/MS). Chromatographic separation was achieved on a 15-m-long HP-5MS column (Agilent).
For each analyte, the ratio of quantification transition area to confirmation transition area was compared to that obtained with an authentic standard (margin, 20 %). Quantification was carried out by calculating the response factor of each analyte relative to its corresponding internal standard, and concentrations were determined using a leastsquare linear regression analysis of the peak area ratio versus the concentration ratio.
Uncertainty was in the range 1.3-19.6 %, based on four replicate analyses of spiked fish tissues (10-50 ng/g dry weight). For those compounds that were not detected in procedural blanks, the LQ were determined as the concentration with a signal-to-noise ratio of 9 in non-spiked fish muscle extracts. BDE-28, BDE-47, BDE-99, BDE-100 and BDE-209 were detected in blanks, so for these compounds, PBDE levels were blank corrected and the LQ was derived from the blank value variability [40] . The LQ ranged from 0.002 to 0.170 ng/g dw. ) . A solid-liquid extraction was performed with 15 ml MeOH; the supernatant was transferred into a polypropylene tube and 200 mg Envicarb phase was added. Agitation was performed for 10 min; after centrifugation, the supernatant was isolated and evaporated until dryness under a gentle stream of nitrogen. The dry residue was reconstituted with dichloromethane; the sample was applied to a hydrated silica phase. The column was washed with dichloromethane, and analytes were eluted with acetone, before evaporation and final reconstitution in acetate ammonium/methanol, 70:30, v/v. The final extract was centrifuged and transferred into a polypropylene vial. The LC separation was achieved on a Gemini C18 reverse phase column (3 μm, 50×2.0 mm) fitted with a guard column (3 μm, 10×2.0 mm) (Phenomenex, Torrance CA, USA). The triple quadrupole system (Agilent 6410, Palo Alto, CA, USA) operated in the negative electrospray ionisation (ESI−); acquisition was performed in the selected reaction monitoring mode.
The analytical method was validated according to the 2002/ 657/EC decision [41] . The linearity calculated on the basis of the coefficient of correlation was better than 0.990 for most of the 14 analytes. Recoveries varied in between 40 and 100 % but were systematically corrected by the 13 C-labelled internal standards. Expanded uncertainties (U02×u) have been evaluated at 24 % for PFOA and PFOS, and have been calculated based on the analyses of four batches of spiked samples at different concentrations. Limits of detection (LDs) were estimated on the basis of the signal-to-noise ratio in each sample. The LDs were generally between 0.01 and 1 ng/g dw. The LQ were around 0.1 ng/g dw except for PFOA and PFOS with LQ of 0.2 and 1 ng/g dw, respectively.
Statistics
Means, medians and standard deviations (SD) were calculated according to Helsel, in order to take account for nondetects [42] , except in Table S1 .
Results

Inter-individual concentrations in four fish species
The fish pools were homogeneous in size and weight (Table 1) , but not necessarily in contamination level (Electronic supplementary material, Table S1 ). Indeed, concentrations (in nanograms per gram dw) of contaminants varied in the four to six individual samples that make up a pool, especially in the chub with relative standard deviation (RSD) on the mean concentration up to 120 % for 4t-OP (n04) and 130 % for BDE-99 (n05). Concerning the three other species, a maximum RSD of 57 % was observed for α-HBCD in the six individual samples of common bream, 65 % for BDE-153 in the six individual samples of white bream and 89 % for α-HBCD and BDE-153 in the four individual samples of barbel. In summary, inter-individual concentrations within a pool varied as much as a factor of 2 (based on a maximum RSD at 130 %). Moreover, we generally observed for a single fish pool that each compound was either always detected in all the individual fishes or never detected in all the individual fishes. In other words, the information on screening compounds was generally the same when considering individual fishes or pools. Hence, in the following parts, we present and discuss results on the fish pools only (including the mean concentrations resulting from the four pools discussed above).
Quantification frequency of the 34 compounds analysed in the 32 fish sample pools
The quantification frequencies (QF) are reported in Fig. 2 for the 34 compounds analysed. QF is the ratio of the number of samples with quantifiable data (n>LQ) to the total number of samples analysed (n032). Several compounds were systematically quantified in the fish samples (QF0100 %): 4-NP, α-HBCD, the 6 tri to hexaBDE congeners (28, 47, 99, 100, 153, 154), PFOS and PFDA. Two other compounds were measured very frequently (QF> 80 %): OP and PFDoA. On the contrary, BPA was quantified in only 37 % of the samples and BDE-209 in 19 %. Among the 14 PFC analysed, seven were never quantified (QF00 for PF-B,Pe,Hx,Hp-A and PF-B,Hx,Hp-S). PFOA were quantified in only 16 % of the samples. HCBD was never quantified in the 32 fish pools, whereas HCB was quantified in 56 % of them (with LQ equal to 10 and 1 ng/g dw, respectively). Lastly, the non-priority AP (4-NP1EO, 4-NP2EO, 4-NP1EC) were not frequently quantified (QF0 19 % for 4-NP1EO, QF00 for the two others). A high QF means that the compound is generally present in the freshwater fish. Conversely, a low QF does not necessarily give evidence of the absence of a compound, as the LQ varied between compounds, leading to non-quantifiable results in cases of higher LQ.
Comparison of mean concentration of the 34 compounds in the 32 fish sample pools Descriptive statistics; mean and standard deviation; and median, minimum and maximum concentrations measured for the 32 fish pools are reported in the left part of Table 2 (columns 2 to 7). 4-NP and 4t-OP are the AP measured with the highest mean concentrations (97.7 and 68.9 ng/g dw, respectively). Among the other AP, only 4-NP1EO was quantified in some samples (mean concentration of 10.2 ng/g dw). BPA had a mean concentration of 13.7 ng/ g dw. The α-HBCD isomer is by far more concentrated than the β-and γ-isomers, by a factor of 75 and 70, respectively (when considering mean concentrations). No individual sample had a concentration of α-HBCD higher than the EQS (at 167 ng/g fw or about 835 ng/g dw). HCB was quantified in 18 of the 32 fish pools analysed, of which 12 samples were collected in the downS3 site. The mean and median concentrations were 3.8 and 1.1 ng/g dw, respectively. This is lower than the EQS value (at 10 ng/g fw or about 50 ng/g dw). Moreover, no individual sample had higher concentration than the EQS. HCBD concentrations in the 32 fish pools were all below the LQ (i.e., <10 ng/g dw), thus were lower than the EQS (at 55 μg/kg fw or about 275 ng/g dw). BDE-47 was the predominant PBDE congener (mean and median concentrations of 33.3 and 22.8 ng/g dw, respectively). BDE-100 was measured as the second highest concentrated PBDE (mean and median concentrations of 11.9 and 6.8 ng/g dw, respectively). Whereas, BDE-209, which is the main congener of the decaBDE ng/g dw, respectively) commercial product, was not frequently quantified in fish, possibly because of debromination phenomena or a lack of bioavailability and bioaccumulation (QF019 %, mean concentration of 0.4 ng/g dw). Mean concentrations for other PBDE congeners were lower than 1.9 ng/g dw. Considering the proposal of EQS at 8.5×10 −3 ng/g fw (or about 42.5× 10 −3 ng/g dw) for the sum of BDE-28, 47, 99, 100, 153 and 154, all the 32 samples had concentrations higher than the EQS. Indeed, the sum of the six BDE varied from 4.5 ng/g dw (for a chub pool at upS1) to 182.5 ng/g dw (for a common bream pool at upS1). Lastly, among the PFC, the highest mean concentrations were observed for PFUnA, PFOS and PFNA (128.7, 84.5 and 11.9 ng/g dw, respectively). The unusual high mean concentration of PFUnA could be explained by a strong contamination by this compound at downS3. Mean concentrations for other PFC were lower than 10.5 ng/g dw. Considering the proposal of EQS for the PFOS at 9.1 ng/g fw (about 45.5 ng/g dw), 23 of the 32 samples had higher concentration than the EQS.
Comparison of contamination measured in the various fish species
In the right part of Table 2 , mean concentrations are reported for the barbel, the two bream species and the chub. To better compare the four fish species, we have studied the quantification frequencies for a given fish species, the sum of the mean concentrations and the compounds fingerprint, as detailed below. The white bream has to be considered differently since it was not collected in upS1.
The quantification frequencies for a given fish species (QF fish ) is equal to A 34xz (with A the sum of n>LQ for the 34 compounds in the samples of a given fish species; 34, the total number of compounds analysed; z, the total number of samples analysed for a given fish species). The value of z is 8 for the barbel, 9 for the common bream, 5 for the white bream and 10 for the chub. As for example, a QF barbel equal to 100 % would correspond to quantification of the 34 compounds in all the eight samples of barbel. The QF chub (43 %) was slightly lower than for the other species (48 % for the barbel and 51 % for the two bream species). Thus, a higher number of compounds appeared to be quantifiable in the bream.
Even if the number of individual fishes per pool and the number of pools per fish species and per site were not exactly the same (Table 1) , we chose to compare the bioaccumulated concentration by summing the mean concentration per fish species for all compounds, except for PFUnA (Fig. 3A) . We did not consider PFUnA because of its very atypically high concentration at downS3. From  Fig. 3A , we may infer that the common bream was the best bioaccumulator (sum of mean concentration equal to 655 ng/g dw), and the chub was the worst (sum of mean concentration equal to 329 ng/g dw), although the difference was less than a factor of 2.
Then, we compared the compounds fingerprint (i.e., the profile of concentration) in the four fish species, as presented in Fig. 3B . Once again, we did not consider PFUnA. In the four fish species, PFC (14 compounds) corresponded to about 25 % of the total concentration (considering the 34 compounds and the 32 samples). The proportion of AP (six compounds) was higher in the chub (61 %); the proportion of HBCD (three isomers) was higher in the barbel (40 %). The common bream appeared to bioaccumulate AP and HBCD in the same proportions (at about 35 %).
Comparison of contamination measured in the three sampling sites
The mean concentrations (and SD) measured for each compound at the three sites are illustrated in Fig. 4 . The mean concentrations of some compounds showed a strong increase downstream of Lyon in comparison to upstream: HCB (up to 38 times), PFNA (up to 58 times), PFUnA (up to 335 times). In contrast, we did not observe any significant concentration gradient for AP, PBDE and PFOS. Surprisingly, α-HBCD has clearly higher concentrations at upS2 than at upS1 and downS3 (mean concentrations at 271, 101 and 22 ng/g dw, respectively).
At downS3, HCB, PFNA and PFUnA were quantified in all fish pools, whereas they were measured in less than 30 % of the fish pools upstream of Lyon. Generally, compounds were more frequently quantified at downS3 in comparison with the two other sites, except for PBDE 209, 4t-OP, 4-NP1E and β-and δ-HBCD that were quantified more frequently at upS2 and BPA at upS1.
Discussion
Concerning the priority substances of the European Commission Daughter Directive 2008/105/EC [1] , we observed that 4t-OP, 4-NP, BDE-28, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-154 were very frequently quantified (QF>84 %), with higher concentrations than the EQS values (proposed in [2] ) for the sum of the six BDE. Hence, these toxic compounds, whose use is now restricted or banned, are still widely present in fish of the Rhone River. In contrast, HCBD was never quantified in the 32 fish pools, and concentrations of HCB were always below the EQS value. These two compounds have recently been confirmed as priority compounds in the proposal for a new EC Daughter Directive 2011/0429/EC [2] . But, further studies on the occurrence of HCBD are now necessary to better evaluate its occurrence in biota. The pertinence of a priority status for this compound, that is known to be volatile and not subject to biomagnification phenomenon [43] , might have to be reconsidered. Among PFC, PFOS is the only candidate compound of the EC daughter directive [1] , and its priority status was confirmed in the proposal for a new EC daughter directive [2] . Indeed, it was one of the three compounds of this family that was always quantified in fish samples of the Rhone River (QF 100 %), and measured concentrations were higher than the proposed EQS values for 23 samples of 32 [2] . Our results confirm the risk of this compound. Lastly, BPA was a candidate compound of the EC daughter directive [1] , but its priority status was not confirmed in the proposal for a new EC daughter directive [2] . Yet, we note that it was quantified in 38 % of the 32 samples, with mean and median concentrations in the same range as for the other AP. Further studies should be ongoing to document the occurrence of this compound in aquatic biota, as it is well suspected for its human toxicity.
Concerning the emerging substances added in the proposal for a Directive 2011/0429/EC [2] : isomers α-, β-and γ-HBCD were quantified with a clear predominance of isomer α, that represented more than 90 % of the three isomers measured in fish fillets. The isomer α-HBCD was quantified in 100 % of the 32 samples, with concentrations in the same range as observed for 4t-OP, 4-NP, BDE 47 and PFOS. This is consistent with the literature on high trophic level biota: Pulkrabova et al. [44] detected α-HBCD in more than 80 % of 136 fish samples from Vltava, Elbe and Ticha Orlice Rivers (Czech Republic). In this study, they noticed that concentrations of α-HBCD in fish were present at the same order of magnitude as those of the most abundant PBDE-47. Nonetheless, in our study, fish sample concentrations for isomer α, although always below the EQS, were sometimes in the same range as the EQS value (with four samples with concentrations higher than the EQS/2). These results confirm the pertinence to consider these emerging substances, and especially isomer α, as priority substances.
Other emerging compounds were very frequently quantified in our study: PFDA and PFDoA (QF>97 %) and to a less extent PFDS, PFNA and PFUnA (QF>50 %). Further analyses of these compounds in biota in different river systems would be useful to be able to state on their priorization.
In the following paragraphs, we have tried to report some information from the literature that can be useful to interpret or corroborate our results, although it was proved somewhat difficult. Indeed, fish species vary, individual compounds are not always the same and concentrations are expressed in various different ways (in dry vs. fresh matter, with a lipid normalization or not, by summing compounds or not). For instance, Roosens et al. [45] presented results only in nanograms per gram lipid weight, and on sum PBDE or sum HBCD, without any information on individual compounds. They also focused their study on a mean concentration for all the fish species, which prevents any possible comparison Table 2 were summed for each fish species, except for PFUnA) and B fingerprint for AP, HBCD, HCB, PBDE and PFC in the barbel, the common bream, the white bream and the chub between the ten species analysed. Moreover, some authors focused their study on compound concentrations in fish bile [46] or the total fish [47] , which does not allow direct comparisons with studies reporting fillet concentrations (i.e., the majority of the studies).
We have identified A. brama and then B. barbus as the two best bioindicators to monitor the 34 compounds in freshwaters (Fig. 3) . This is consistent with a study by Pulkrabova et al. [44] , who compared the bioaccumulation of α-HBCD and nine PBDE in five fish species (A. brama, B. barbus, Leuciscus cephalus, Salmo trutta and Perca fluviatilis): the highest concentrations were measured in the fatty benthic species represented by the bream and barbel, and the lowest concentrations were measured in the predator fishes, i.e., perch and trout, which are the highest trophic level species.
As for compound occurrence in fish, we identified 4-NP as the predominant AP, α-HBCD as the predominant HBCD, BDE-47 as the predominant PBDE congener and PFOS as the predominant PFC (Table 2) . These results are confirmed by the literature [9, [46] [47] [48] [49] [50] [51] [52] . Indeed, α-HBCD is generally the main isomer measured in fish, in contrast to the composition of the technical mixture, with a predominance of the γ-isomer [37, 49] . Some thermal rearrangement might occur during production processes, especially at elevated temperatures [10] . In addition, bioisomerisation and isomer-specific metabolisation have been discussed [50, 51] . The higher concentration of α-HBCD in freshwater fishes could also be explained by its higher ability to bioaccumulate and its lower toxicity. When comparing various fish organs, the proportion of α-, β-and γ-HBCD isomers can vary: in a study on eight fish species from the Yangtze River (China), α-HBCD represented 80 % of the three isomers measured in liver, 60 % in fillet and 40 % in eggs [48] . The predominance of BDE-47 congener in biota was already explained by high uptake and accumulation rates [9, 52] . In addition, it has been proved to be a debromination product of other BDE congeners such as BDE-99 and BDE-153 in some fishes such as Cyprinus carpio [53] . Concerning the PFOS, it has also been observed that its concentrations in fish liver are consistently higher than those in fillet; it has been shown to bioaccumulate in fish with a kinetic bioconcentration factor estimated in the range of 1,000-4,000, and the time to reach 50 % clearance in fish has been estimated to be around 100 days [54] .
Very few information exist on background contamination of fishes in reference sites. For instance, Randak et al. [55] measured 4-NP and 4t-OP in S. cephalus from the Elbe River (Czech Republic) up-and downstream of industrial sites. They concluded on no significant contamination for concentrations between 1.1 and 3.0 ng/g ww (or about 3-9 ng/g dw). This is an order of magnitude lower than mean concentrations measured up-and downstream of Lyon (cf. Fig. 4 , with mean concentrations higher than 64 and 73 ng/g dw for 4t-OP and 4-NP, respectively). The lower concentrations were 20 ng/g dw for 4t-OP and 23 ng/g dw for 4-NP, in two barbel pools from upS1 and downS3, respectively. Thus, we can conclude on a significant contamination by these two compounds in the three sites up-and downstream of Lyon. Further studies on background contamination of fishes in reference sites would be necessary to better evaluate water quality in the context of the WFD.
Conclusion
In this study, the bream and the barbel seemed to be best adapted as bioindicator for freshwater chemical monitoring (best accumulation and higher number of compounds detected), and the chub, somewhat less efficient. Several organic contaminants were quantified in all the 32 fish pooled samples: 4-NP, α-HBCD, the 6 tri to hexaBDE congeners (28, 47, 99 , 100, 153, 154), PFOS and PFDA. Considering HCB, HCBD and HBCD, fish fillet concentrations did not exceed the EQS in any of the 32 samples. On the contrary, 23 of the 32 fish samples had concentration of PFOS above the EQS (up to six times higher). Moreover, the 32 fish samples had concentrations of PBDE above the EQS (up to 4,000 times higher, with the sum of six BDE varying from 4.5 to 182 ng/g dw). Lastly, some compounds were never quantified in our 32 fish samples: HCBD, PFBA, PFPeA, PFHxA, PFHpA, PFBS, PFHxS, PFHpS, BDE205, 4-NP2EO, 4-NP1EC.
The interest to consider PFOS (candidate from [1] ) and HBCD as new priority substances (from [2] ) is confirmed in this study. The pertinence of a priority status for HCBD, which was never quantified in our study, might have to be reconsidered in the future. Furthermore, we believe that more studies on background contamination of fishes in reference sites are necessary to better evaluate water quality in the context of the WFD.
In order to improve the comparability of results from the literature, it is important to systematically include information on the moisture content (or on the ratio dry weight/wet weight), the lipid content of fish samples and also the concentrations of all individual compounds. Even if it can be interesting to analyse specific parts of the fish (as for example the liver for PFC), it would be important to increase our knowledge on the concentrations in fillets.
